Phase regeneration of phase-shift keying signals is theoretically proposed, we believe for the first time, based on the efficient optical parametric amplification (OPA) process in a highly nonlinear symmetric hybrid plasmonic waveguide. This optimized stacked waveguide with nonlinear organic materials has a relatively low loss of about 0.005 dB∕μm and an effective nonlinear OPA coupling coefficient up to 60 ps∕m∕W 1∕2 . The phase-recovery process was achieved in this waveguide within a length as short as 150 μm. © 2013 Optical Society of America OCIS codes: 250.4390, 250.4745, 250.5403, 250.5460. In recent years, nanophotonics has been at the forefront of research for the sake of improvement in fabrication technique, for presentation of new structures capable of manipulating light at the nanoscale, such as photonic crystal and plasmonic devices, and for its crucial role in developing the next generation of integrated photonic devices [1] . In particular, plasmonic waveguides with deep subwavelength lateral confinement have been extensively studied, owing to advantages of characteristic sizes below the optical diffraction limit, huge enhancement of field, ultrafast response time, and ability to combine photonics and electronics in the same circuits. Many applications based on plasmonic waveguides have been implemented [2] . One of their applications lies in enhancing optical nonlinear effects (ONEs) by the hybrid integration of highly nonlinear materials, such as polymers [3, 4] . For instance, by putting a thin nonlinear dielectric layer embedded between two metallic layers, highly efficient ONEs, such as nonlinear frequency conversion [5, 6] and nonlinear-based switching [7] within short distances, can be realized. All these aspects of plasmonic waveguides render them attractive for the development of future compact and low-power consumption photonic circuits. However, the intrinsic losses of the metal limit the distance of interaction between different frequencies and in turn reduce the efficiency of ONEs in plasmonic waveguides, and efforts to circumvent this effect are important. For example, Lu et al. [8] proposed an efficient second-harmonic generation process in a low-loss hybrid plasmonic waveguide (HPW) [9] . Recently, a novel symmetric hybrid plasmonic waveguide (SHPW) was conceived. It consists of a traditional long-range surface plasmon polariton (LRSPP) waveguide with two highindex slabs placed symmetrically near the top and bottom surfaces of the metallic layer. In SHPW, the loss is lower and field confinement is comparable to the conventional HPW [10, 11] . The ONEs in this kind of waveguides may be prominent but have not been studied yet to our knowledge. In this Letter, we investigate the nonlinear optical parametric amplification (OPA) process induced in an SHPW with nonlinear organic materials (NOM) as the active materials. The simulation results reveal that the SHPW enables efficient OPA within a short distance of around 180 μm. Based on that, we explore a potential application, the phase regeneration of degraded phaseshift keying (PSK) signals, which is of great significance in optical signal processing.
In recent years, nanophotonics has been at the forefront of research for the sake of improvement in fabrication technique, for presentation of new structures capable of manipulating light at the nanoscale, such as photonic crystal and plasmonic devices, and for its crucial role in developing the next generation of integrated photonic devices [1] . In particular, plasmonic waveguides with deep subwavelength lateral confinement have been extensively studied, owing to advantages of characteristic sizes below the optical diffraction limit, huge enhancement of field, ultrafast response time, and ability to combine photonics and electronics in the same circuits. Many applications based on plasmonic waveguides have been implemented [2] . One of their applications lies in enhancing optical nonlinear effects (ONEs) by the hybrid integration of highly nonlinear materials, such as polymers [3, 4] . For instance, by putting a thin nonlinear dielectric layer embedded between two metallic layers, highly efficient ONEs, such as nonlinear frequency conversion [5, 6] and nonlinear-based switching [7] within short distances, can be realized. All these aspects of plasmonic waveguides render them attractive for the development of future compact and low-power consumption photonic circuits.
However, the intrinsic losses of the metal limit the distance of interaction between different frequencies and in turn reduce the efficiency of ONEs in plasmonic waveguides, and efforts to circumvent this effect are important. For example, Lu et al. [8] proposed an efficient second-harmonic generation process in a low-loss hybrid plasmonic waveguide (HPW) [9] . Recently, a novel symmetric hybrid plasmonic waveguide (SHPW) was conceived. It consists of a traditional long-range surface plasmon polariton (LRSPP) waveguide with two highindex slabs placed symmetrically near the top and bottom surfaces of the metallic layer. In SHPW, the loss is lower and field confinement is comparable to the conventional HPW [10, 11] . The ONEs in this kind of waveguides may be prominent but have not been studied yet to our knowledge. In this Letter, we investigate the nonlinear optical parametric amplification (OPA) process induced in an SHPW with nonlinear organic materials (NOM) as the active materials. The simulation results reveal that the SHPW enables efficient OPA within a short distance of around 180 μm. Based on that, we explore a potential application, the phase regeneration of degraded phaseshift keying (PSK) signals, which is of great significance in optical signal processing.
The SHPW studied in this Letter has a similar structure as in [10] , with a nanometer-size metallic layer sandwiched between two NOM polymer layers surrounded by two silicon layers, as shown in Fig. 1(a) . In the waveguide, the refractive index of silicon at the signal wavelength (SW) of λ s 1550 nm and pump wavelength (PW) of λ p 775 nm is 3.48 and 3.71, respectively. Metal is defined as silver with a height h m and a relative Drude permittivity dispersion given by ε Ag ε ∞ − f 2 p ∕f f iγ, with ε ∞ 5, f p 2175 THz, and γ 4.35 THz [12] . The NOM has a height h p and is chosen to be the commercially available M1 organic material consisting of chromophores dispersed in a polymer matrix, with refractive index 1.6 and high nonlinear susceptibility χ 111 230 pm∕V at the wavelength of 1550 nm [13] . Polymer is compatible with silicon and can be periodically poled for the purpose of quasi-phase matching [14, 15] . h p 50 nm, and h Si 220 nm. It is shown that most of the fields are concentrated and enhanced within and near the low refractive index NOM region both at the SW and PW. This results from the discontinuity of the E y component at the high-index contrast interfaces. The effective refractive indices of the hybrid modes are 1.59 8.60 × 10 −5 i and 1.81 8.35 × 10 −5 i at SW and PW, respectively. For the SW, an LRSPP-like hybrid mode [8] comes into being from the strong coupling of the LRSPP mode and the fundamental guided mode. With respect to the PW, however, a more like LRSPP hybrid mode is formed due to the weaker coupling of the LRSPP mode and the second-order guided mode at smaller wavelength, which results in more fields confined in the NOM part and larger losses.
We investigate the OPA process in this waveguide by solving the nonlinear coupling-wave equations [17, 18] :
where A s;p z jA s;p zj expiφ s;p z are the slowly varying complex amplitudes, α s;p are the loss coefficients, Δβ β p − 2β s is the phase mismatch, and
s dxdy are the nonlinear coupling coefficients, with ⃗ E s;p being the normalized mode profiles. In the calculation, the two-photon absorption (TPA) process in silicon is neglected because most of the fields are concentrated in the NOM layers and TPA is a thirdorder nonlinear process, being thus weaker than the second-order nonlinear exploited process. The nonlinear coupling coefficient is calculated to be 60 ps∕m∕W 1∕2 . The numerical results of OPA along propagation are displayed in Fig. 2 when the incident power P p 0 and phase φ p 0 of the PW are 1 W and 1.5π, and the incident power P s 0 and phase φ s 0 at the SW are 0.01 W and 0, respectively. It is shown that the SW is amplified to a peak power of 0.83 W at 168 μm of propagation length. This highly efficient amplification within a short distance in SHPW results from the tight field confinement in the NOM gaps, the large coupling coefficient due to the large field overlap between two frequencies, and the low loss of the hybrid modes. After the peak point, the pumping gain is overcome by the loss and the SW begins to attenuate. Figures 2(b) and 2(c) show the phase variations of SW and PW in the propagation, respectively. One can see that the phase of SW is unchanged and the phase of PW jumps to 0.5π at the peak position. This can be explained by the phase-coupling equations, as derived in [18] . The initial phase of the SW and PW have an important influence on the OPA process. When the incident phase of SW is not zero, the phase changes while propagating until a stable value is obtained [18] .
Next, we analyze the OPA by tuning φ s 0, other conditions being unchanged, as in Fig. 2. Figure 3 shows the phase evolutions of SW and PW along the propagation for φ s 0 0.2π [Figs. 3(a) and 3(b)] and 0.8π [Figs. 3(c)  and 3(d) ], respectively. In these two cases, the amplitude evolutions are very similar to the one shown in Fig. 2(a) , except that the distance to reach the SHG power maximum is 181 μm owing to a slightly smaller gain. It is shown that the phase at the SW is going to zero and π and stabilizes after 120 μm of propagation when φ s 0 0.2π and 0.8π, respectively. With the length of the waveguide set to L 150 μm, we plot in Fig. 4 the gain of OPA and output phase φ s L at the SW versus φ s 0. We can see that the gain changes with the incident phase. In some cases near the notch points, the gain even comes into negative values. More interestingly, if the incident phase at the SW is around π but not differing more than half π, the phase at the SW stabilizes to π. While the input phase is around zero but not differing more than half π, it then stabilizes to zero [see Fig. 4(b) ]. This interesting effect is known as "phase squeezing" and was measured in the degenerate four-wave mixing phase-sensitive amplifiers based on nonlinear optical fibers [19] .
Similar to [19] , we propose to apply this mechanism to the phase recovery of PSK optical signals but in a highly integrated configuration making use of plasmonic waveguides. PSK optical signals result from a digital modulation scheme that conveys data by modulating the phase of a carrier wave, in which a finite number of phase responses under constant intensity are given. Unfortunately, along propagation, the phases usually deviate from their initial values due to amplitude noise and phase-modulation effects. These deviations give rise to bit errors in detection and should thus be removed by a regeneration mechanism [19] . Here, we assume a binary PSK signal with two phases of 0 and π, and the phase deviation of optical signal is smaller than 0.5π. When we put the noised PSK optical signal through the nonlinear waveguide we propose, the phase will come back to the right value before detection.
There are two advantages of the phase recovery based on the OPA in SHPW. On one hand, it can regenerate the phase in variable short distances (tolerant from 120 to 200 μm). On the other hand, the trip points and stable points are tunable with the control of φ p 0. φ s L jumps at φ s 0 0.5φ p 0 0.75π and φ s 0 0.5φ p 0 − 0.25π and stabilizes at 0.5φ p 0 − 0.75π and 0.5φ p 0 0.25π. We could also find other applications based on this waveguide nonlinear effect such as phase-sensitive amplification and phase-logic processing [based on Fig. 4(a) ], which are also significant in all-optical signal processing. Additionally, it should be noted that the performance of the OPA and corresponding phase recovery in SHPW may be improved effectively by fulfilling the phasematching condition by an appropriate design of the geometrical parameters [5, 20] .
In conclusion, we propose a nonlinear SHPW and investigate the OPA process induced in this waveguide. Based on the special phase-variation property in the OPA, we come up with a potential application of phase recovery of PSK signals in all-optical signal processing. The capability of recovery within short distances and tunability makes it promising and competitive in future highly integrated nanophotonics.
